3D printing of multi-material objects enables the design of complex 3D architectures such as printed electronics and devices. The ability to detect the composition of multi-material printed inks in real time is an enabling feature in a wide range of manufacturing sectors. In this study, dielectric properties of microscale embedded metal particles in a dielectric matrix have been characterized using impedance measurements as a function of particle size, shape, volume percentage and frequency. Measurements were found to agree well with calculations based on an anisotropic Maxwell-Garnett dielectric function model. Despite the metal loading exceeding the theoretical percolation threshold, a percolation transition was not observed in the experimental results. With this data, a calibration curve can be established to correlate metal loading with impedance or capacitance, which can be used with an in situ sensor for ink composition measurements during extrusion-based 3D printing. We demonstrate how an in situ sensor can locally measure the composition of the ink, allowing greater control over the resulting properties and functionality of printed materials.
INTRODUCTION
Metal-polymer composites have been widely studied for their unique combination of electrical and mechanical properties which lead to applications across a broad set of technologies. These applications include actuators, artificial muscles 1 , energy harvesters 2 , biosensors 3 , and antistatic media 4 . Emerging technologies for the synthesis of metalpolymer composites has increased the scope of applications available but has also created a need for further characterization of materials. The potential variability in material composition creates a fabrication challenge when guaranteeing the desired properties of metal-polymer composites.
3D printing has enabled the ability to fabricate intricate and innovative products. A wide range of materials can be printed including but not limited to aerogels 5, 6 , ceramics 7, 8 , polymers 9 , and conductive inks 10 . In particular, siliconebased polymers loaded with micron-scale metal powders have been successfully demonstrated as inks for 3D printed electronics 11, 12 . Using direct ink writing (DIW) to print metallic inks allows the development of printed electronic devices such as antennas 13 , sensors 14 , and batteries 15 . DIW is an additive manufacturing technique which extrudes a filament through a moving nozzle onto a print bed 16 . A complete description of direct ink writing is presented by Lewis et al. 8 . In addition to the material diversity available in DIW, it is also capable of printing structures of varying compositions of each constituent. This unique process enables fabricated parts that possess a combination of the mechanical and electrical properties of the constituents 15, 17 . Built-in mixers allow for a gradient composition within a single print. However, the ability to locally measure and specify the composition of ink as it is printed has not yet been established 12 . As the complexity of ink composition continues to increase, there is an emerging industrial need to characterize the ink directly during the printing process to optimize part performance (e.g. conductivity, permittivity, permeability). The ability to correlate electrical properties with volume fraction of metal filler in a polymer matrix allows for in situ monitoring of DIW.
Various metal-polymer studies have explored the relation between metal-filler properties and the resulting electrical properties and percolation thresholds 4, 18 . The percolation threshold of metal-polymer composites refers to the metal concentration in which the composite undergoes a metal-insulator transition, which is typically correlated with a large change in electrical conductivity 18 . Percolation phenomena have been widely applied in the field of multifunctional materials because of their adjustable properties percentage, frequency, and dielectric properties remains unclear, which makes it difficult to 3D print critical electrical components with known compositional accuracy.
In many electromechanical systems, it is essential to be able to tune the dielectric constants of materials 11 . However, determining the frequency-dependent electrical behavior based on only particle size, volume percentage, and properties of each constituent has been challenging 20 . In an attempt to more accurately predict behavior, theoretical expressions have previously been derived to calculate the effective electrical conductivity of metal polymer composites, taking into consideration ellipsoidal shaped metal particles randomly distributed in the composite 21 . In order to measure the composition and validate models of the ink, a viable and accurate sensing method must be established. Our study focuses on a simple method of using a capacitor to measure electrical properties, such as capacitance and impedance, and correlate them to volume percentage of metal filler in a composite. We demonstrate the feasibility of using frequency-dependent impedance measurements to detect the difference between various ink loadings using a custom capacitor cell made of acrylic holders and copper parallel plates. The inks are comprised of three different copper powders of different shapes and sizes loaded into silicone ink. Based on these results, we show how an in situ DIW micro-sensor can locally measure the composition of the ink, allowing greater control over the properties and functionality of resulting printed materials.
EXPERIMENTAL

Materials
Three types of copper powders were used in the present study. The particle size distribution seen in Table 1 was determined using automated optical image analysis (Malvern Morphologi G3), which also yields information about powder morphology and shape. Additional information regarding particle morphology was obtained using scanning electron microscopy (FEI Quanta 200 SEM). Extrudable sensor ink formulations consisted of a polysiloxane matrix filled with different loading levels of copper powder filler. The catalyzed silicone was based on a Shore 50A hardness matrix formulation previously reported by Durban et al. 22 .
Sample preparation
A Flacktek mixing cup was charged with a catalyzed Shore 50A durometer polysiloxane dispersion (5.0 g). Copper powder Cu1, Cu2, and Cu3 were added to the mixing cup with a stainless-steel spatula in progressively increasing increments (see Table 2 ). The components were speed-mixed (Flacktek DAC 150.1 FVZ-K) at 3500 rpm for 10 seconds. The sides, bottom, and bottom corners or edges of the mixing cup were scraped with a spatula and the metal powderfilled blend was speed-mixed again at 3500 rpm for 15 seconds. The blended ink was scraped and speed-mixed for an additional cycle if necessary, to achieve consistency and uniformity of the prepared paste. The heat generated due to mixing was minimized to prevent premature curing of the polysiloxane matrix by chilling the mixture at -17.7°C (0°F) after mixing to prolong the working pot life of the material. The time between the end of mixing and electrical measurements was approximately 60 minutes. 
Methods
Capacitor Cell
A reusable capacitor cell was designed to reliably measure impedance between the various ink samples. Copper disks with soldered wires were permanently mounted into an acrylic holder containing the ink. The copper disks had a diameter of 1 cm and the acrylic holder maintained a consistent distance of 500 µm between the surface areas of the disks. Two identical holders were created to determine the repeatability of the tests between two different capacitors with the same dimensions. The capacitors were set up by using a small metal spatula to scoop the premade metal-filled inks onto one of the copper plates. The material was spread generously over the plate until completely covered to prevent air bubbles. Excess material was scraped away and clean-wiped with isopropyl alcohol. The other side of the holder is then placed over the one with the material, which creates a capacitor with the ink acting as the dielectric material. To ensure a consistent distance between the plates, a clamp was used to keep the acrylic holder together. Each ink mixture was tested three times in each of the two holders (six total measurements per composition).
An Agilent E4980A Precision LCR Meter was used to conduct impedance spectroscopy measurements with an operating frequency range of 20 Hz -2 MHz. For the present study, measurements were collected at discrete frequencies of 1 kHz, 5 kHz, 10 kHz, 500 kHz, 1 MHz, and 2 MHz. Each ink was sampled every 200 ms for 30 measurements at each frequency.
Modeling
The measured impedance data from the capacitor cell was compared with values calculated using a modified MaxwellGarnett mixing model that accounts for the aspherical shape of the micro-particles. In the calculations shown below, the effective permittivity, , of the ink composite is modeled using an anisotropic Maxwell-Garnett formula 23 .
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where is the angular frequency of the measurement signal, h( ) is the frequency-dependent permittivity of the host material, i( ) is the frequency-dependent permittivity of the metal, f the volume fraction of the metal micro-particles in the composite ink, and N the depolarization factor 24 . In this model, the micro-particles are assumed to be identical spheroids aligned in the same direction. The depolarization factor can be obtained from aspect ratio of the microparticles by the following relationship:
where a is the eccentricity of the spheroid given by a 2 = 1 -r 2 and r is the aspect ratio of the spheroid given by r = (short semi-axis length) / (long semi-axis length).
For perfectly spherical particles, N is 1/3 and the anisotropic Maxwell-Garnett formula reverts to the conventional form. At low frequencies, the metal permittivity can be obtained by the Drude model,
where σ0 is metal conductivity and 0 is the free space permittivity 0 = 8.854x10
The capacitance, C, is given by
where, A is the area of the parallel plates and d the capacitor thickness. The magnitude of the frequency-dependent impedance I( ) can be obtained by
For a given micro-particle type and signal frequency, we first obtain h using measured impedance data at f = 0. The calculated impedance is then fitted with the measured values by varying N.
In Situ Monitoring Sensor Figure 1 . A CAD rendering of the tip of a sensing nozzle demonstrating the direction of flow of a metal filled silicone ink through the nozzle orifice and past the silver epoxy capacitors.
A custom in situ monitoring sensor was incorporated into a Delrin DIW nozzle with a 250 µm diameter orifice. The design is schematically shown in Fig. 1 . Two 250 µm diameter 1 mm long slots were milled into opposite sides of the nozzle tip and filled with a silver epoxy to serve as parallel plate capacitors. An AD7746 capacitance-to-digital converter was used to collect capacitance measurements as metal filled inks are extruded through the nozzle. Inks used during DIW printing are loaded in one or more syringes that lead to the material flow path. To test the monitoring sensor on a DIW printer, we filled one syringe with a pure silicone ink, while another was filled with a metal-filled silicone ink with known composition. Ink is extruded through the nozzle using one syringe or a mixture of the two syringes in a designated amount using the DIW printer settings.
RESULTS AND DISCUSSION
Capacitor cell
Silicone inks containing copper powders Cu1 and Cu2 were analyzed, prepared, and tested using the capacitor cell method described in the sample preparation section above. The resulting data was plotted to analyze trends found in impedance versus loading, impedance versus frequency, and the corresponding calculated models for each scenario.
For both powders, the general trend of the impedance as a function of loading was similar, following the behavior shown in Fig. 2a . The measured impedance as a function of frequency scaled linearly with frequency on a semi log scale as seen in Fig. 2b . As the frequency increases, the impedance of the material decreases as expected from the 1/ dependence predicted by theory. As the metal filler content of the ink increases, the impedance of the ink decreases. This behavior was consistent across the four tested metal powders. For the first sample holder, for every 1% change in volume % filler of powders Cu1 and Cu2 there was a 2.7% and 3.3% change respectively. For the second sample holder, for every 1% change in volume % filler of powders there was a 2.8% and 3.2% change. Sample numbers correspond to the volume fraction found in Table 2 .
The observed decrease in impedance with increasing volume percentage of metal powder in the results from the capacitor cell was consistent with previously reported behavior in a study by Li et al., about dielectric properties in metal-polymer composites with low percolation thresholds 18 . In a study by Boudenne et al., it was found that the size of copper particles influences the percolation threshold when polypropylene was mixed with copper particles 4 . In another experiment conducted by Qingzhong Xue, a composite of tin and polypropylene showed a rapid decrease in the percolation threshold with increasing metal particle axial ratio, or ratio of the width to the length of the powder particle, suggesting the particle shape has a great effect on electrical properties 21 . According to classical percolation theory, the DC conductivity of a polymer/conducting filler composite, DC is given by
where i is the conductivity of the metal filler, f is the metal filler volume fraction, fp is the metal filler volume fraction at the percolation threshold, and t is a critical exponent related to the dimensions of the system. We found the expected percolation of our powders to be at a volume fraction, fp, of about 0.37. In comparing our results to previous work in heavily loaded material, we do not observe any noticeable percolation effects, even though the measurements were taken within the expected percolation range. This result may be due to an insulating silicone buffer layer and a lack of direct contact between particles that frustrates percolation. Nonetheless, the smoothly varying function of impedance vs metal loading allows our measurements to be straight-forward to interpret and convert into a calibration curve to be used in additive manufacturing.
Modeling
Measurements were taken at various frequencies to determine whether higher frequencies would affect signal-to-noise of the data. Applied signal frequency was found to have little to no effect, even at 2 MHz, the highest frequency. Impedance decreases with increasing volume percent of copper, , and this dependence was used to validate our data generated from the capacitor cells. When modeling the impedance measurements for each of the metal samples, using the basic Maxwell-Garnett equation and considering particle size, there was a similar trend, but not a perfect fit for the experimental data. Once particle shape, axial ratio, and sphericity were taken into consideration in a modified anisotropic Maxwell-Garnet model, there was a much better fit to our experimental data as seen in Fig. 3 . For copper micro-particles Cu1 and Cu2, the fitted N is found to be 0.28 ± 0.01 and 0.29 ± 0.1 respectively. This indicates that on average Cu2 is slightly more spherical than Cu1. These results were calculated using the average particle aspect ratio obtained from SEM analysis of the powder. According to simulations, the size ranges in this study should not affect the impedance measurements. However, the impedance measurements do vary between the two copper powders which are of slightly difference sizes and geometries, so the differences must be due to the difference in particle shape. The calculations accurately fit the measured curves based on N as a free parameter, given a specific aspect ratio, sphericity, and volume fraction of the metal powders within the ink. A possible source of error can occur during the mixing of the inks and in placing the inks into the capacitor cell, which can introduce air bubbles into the ink. Air bubbles will cause variations in the impedance measurements by changing the dielectric properties of the ink. Air has a lower dielectric constant than silicone, so as the content of air bubbles increases within the ink, the lower the overall dielectric constant of the measured material with be. This is observed in the control samples of each of the silicone tests. When using the centrifuge to remove air bubbles in the ink, it is much more difficult to remove the air bubbles from pure silicone, leaving a higher volume percent of air. All the measured capacitances of the control samples are lower than that of the calculated values assuming no air. The acrylic holder and clamp allowed for a consistent distance between the copper plate capacitors and ensured that the copper plates were always aligned to minimize error in geometry.
In Situ monitoring sensor
To explore the efficacy of using impedance changes to probe composition in real time, measurements were taken of 20.5 vol% Cu3 extruded through the monitoring sensor using the methods described in the sample preparation section. Three segments of inks were printed, first of pure silicone, second of pure copper-filled ink, and lastly of pure silicone. Each ink is extruded for approximately 80 seconds, which includes the time to transition from one ink to the other. The capacitance is recorded during the entire extrusion and transition period. Figure 4 . Data generated from printing pure silicone, transitioning to copper-filled silicone, and transitioning back to pure silicone. The orange line represents the programmed change in composition plotted on the primary y-axis, while the blue line represents measured change in capacitance plotted on the secondary y-axis.
In Fig. 4 , the measured transition from pure silicone ink to copper-filled ink occurs over approximately 24 seconds, while the opposite transition takes about 17 seconds as detected using in situ monitoring of the capacitance. The orange line shows the programmed change in composition as a function of time. The final capacitance when transitioning back to pure silicone from a copper-filled ink only decreases to about a third of the way to the original capacitance reading before stabilizing. A drift toward higher capacitance is seen throughout the data. Measurements taken from the ink monitoring sensor showed promising results for implementation of in situ compositional ink monitoring. The data was plotted using a 5 point median filter to eliminate ambient noise from the results.
CONCLUSION
The ability to detect the composition of multi-material printed inks in real time would greatly improve the additive manufacturing process in many extrusion-based printers. While studying the dielectric properties of microscale metal particles in a dielectric matrix to gain insight on the feasibility of an in situ monitoring sensor, it was determined that there was no correlation between particle size and impedance in the range of particles sizes studied in this experiment. The anisotropic Maxwell-Garnett Model revealed the importance of particle shape as opposed to particle sizes in the microscale range in impedance measurements. As the shape becomes more irregular, and increases in aspect ratio, the impedance was found to decrease. As the volume percentage of metal filler increased, the impedance decreased. The percolation threshold was not observed in our measurements, which was unexpected, but could have been due to the host material properties or an ink shielding effect that leads to suppression of the percolation threshold. These dielectric measurements supported by the Maxwell-Garnett model show potential for an in situ monitoring sensor for DIW printing that can quantitatively determine material composition and improve multi-material build quality.
